Abstract: We prove that the present experimental constraints are already enough to rule out the possibility of the ∼ 125 GeV Higgs found at LHC being the second lightest Higgs in a general MSSM context, even with explicit CP violation in the Higgs potential. Contrary to previous studies, we are able to eliminate this possibility analytically, using simple expressions for a relatively small number of observables. We show that the present LHC constraints on the diphoton signal strength, τ τ production through Higgs and BR(B → X s γ) are enough to preclude the possibility of H 2 being the observed Higgs with m H ≃ 125 GeV within an MSSM context, without leaving room for finely tuned cancellations. As a by-product, we also comment on the difficulties of an MSSM interpretation of the excess in the γγ production cross section recently found at CMS that could correspond to a second Higgs resonance at m H ≃ 136 GeV.
Introduction
In July 2012, both ATLAS and CMS, the two LHC general purpose experiments, announced the discovery of a bosonic resonance with a mass ∼ 125 GeV that could be interpreted as the expected Higgs boson in the Standard Model (SM) [1, 2] . The observed production cross section and decay channels seem to be consistent, within errors, with a Higgs boson in the SM framework. However, at present, although CMS results are just below SM expectations, ATLAS shows a slight excess in the most sensitive channels that, if confirmed with more precise measurements, could be a sign of new physics beyond the single SM Higgs.
Besides, despite the extraordinary success of the SM in explaining all the experimental results obtained so far, both in the high energy as well as in the low energy region, there is a general belief that the SM is not the ultimate theory, but only a low energy limit of a more fundamental one. This underling, more fundamental theory is expected to contain new particles and interactions opening new processes not possible in the SM but, above all, it is envisaged to go one step further in the long way to reach a theory which incorporates gravity to our quantum field description of Nature. In such an endeavor, symmetries, who have historically played an important role in our understanding of the laws of Nature, are expected to be a major player. This is one of the reasons why Supersymmetry (SUSY), the only possible extension of symmetry beyond internal Lie symmetries and the Poincare group [3, 4] , is arguably the most popular extension of the SM. SUSY is a symmetry between fermions and bosons, and, in its minimal version, the Minimal Supersymmetric Standard Model (MSSM), assigns a supersymmetric partner to each SM particle [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . These particles must have a mass close to the electroweak scale, if SUSY is to solve the hierarchy problem of the SM. Moreover, the MSSM requires a second Higgs doublet in addition to the single doublet present in the SM and, therefore, Higgs phenomenology in the MSSM is much richer than the SM, with three neutral-Higgs states and a charged Higgs in the spectrum [15] .
At tree level, the scalar potential of the MSSM is CP-conserving, and therefore mass eigenstates are also CP eigenstates. We have two neutral scalar bosons, h and H, and a neutral pseudoscalar, A. However, the MSSM contains several CP violating phases beyond the single SM phase in the CKM matrix 1 , e.g. M i , i = 1, 2, 3, A t , µ are complex parameters, and then CP violation necessarily leaks into the Higgs sector at one-loop level [16] [17] [18] [19] . As a result, loop effects involving the complex parameters in the Lagrangian violate the tree-level CP-invariance of the MSSM Higgs potential modifying the tree-level masses, couplings, production rates and decay widths of Higgs bosons [18, [20] [21] [22] [23] [24] . In particular, the clear distinction between the two CP-even and the one CP-odd neutral boson is lost and the physical Higgs eigenstates become admixtures of CP-even and odd states. Therefore, significant deviations from the naive CP conserving scenario can be obtained in the regime where M H ± is low and Im (µA t ) is significant. Yet, the size of SUSY phases is strongly constrained by searches of electric dipole moments (EDM) of the electron and neutron. The phase of µ is bounded to be miserably small, 10 −2 , by the upper limits on EDMs if sfermion masses are below several TeV. Bounds on the phases of A e,d,u , although somewhat weaker, are also strong, 10 −1 , under the same conditions. However, the phases of third generation trilinear couplings A t,b,τ can still be sizeable 2 for soft masses O (1 TeV) and, due to the large Yukawa couplings, these are precisely the couplings that influence the scalar potential more strongly [28] . In this work, we will take only third-generation trilinear couplings A t,b,τ as complex to generate the scalar-pseudoscalar mixing in the Higgs potential.
Among all the possibilities opened up by this scenario, one particularly interesting is the case where the scalar observed at LHC is not the lightest but the second lightest one, having the lightest escaped detection at LEP/Tevatron/LHC due to its pseudoscalar or down-type content. As a result of the mixing, the couplings H 1 − W W , H 1 − ZZ and H 1 −tt all get reduced simultaneously evading the current bounds. This idea of course is not new. Many studies have been carried out within this model [29] [30] [31] [32] [33] [34] [35] [36] . There are two public codes, CPsuperH [37, 38] , specifically developed to analyze the Higgs phenomenology in the MSSM with explicit CP violation, and FeynHiggs [39, 40] , that also calculates the spectrum and decay widths of the Higgses in the Complex MSSM. By using them, different regions of the parameters space have been explored through giant scans following the results of the colliders.
In this work, we will explore a different path. We will study this scenario, not by scanning its parameters space but rather by choosing a pair of key experimental signatures from both, high and low energy experiments, and analyzing (analytically or semi-analytically) whether their results can be simultaneously satisfied. This way we gain understanding on the physics of the model we are discussing and at the same time avoid the possibility of missing a fine-tuned region in the parameter space (even tiny to the point of being microscopic) where an unexpected cancellation or a lucky combination might occur. After all, whatever physics hides so effectively behind the SM will turn out to be just one point in our studies of the parameter space. In this sense it is clear that every region, independently of its size, has the same probability of being the right one and should be given enough attention.
Moreover, our analysis is performed in terms of the SUSY parameters at the electroweak scale, such that it encloses all possible MSSM setups (including explicit CP violation), as the CMSSM, NUHM, pMSSM or even a completely generic MSSM [31, [41] [42] [43] [44] [45] [46] . In fact, only a handful of MSSM parameters affect the Higgs sector and low-energy experiments that we study. As we will see, in the Higgs sector, we fix m H 1 ≤ m H 2 ≃ 125 GeV ≤ m H 3 ≃ m H ± 200-220 GeV and use the experimental results to look for acceptable, 3 × 3, Higgs mixing matrices as a function of tan β. Supersymmetric parameters affecting the Higgs sector, and also the indirect processes B → X s γ and B s → µ + µ − , are basically third generation masses and couplings, and gaugino masses. In our analysis, these parameters take general values consistent with the experimental constraints on direct and indirect searches.
This paper is organized as follows. We begin by summarizing the experimental situation in Section 2. In Section 3 we describe the basic ingredients of the model and analyze the direct and indirect signatures we will choose for our study. The parameter space is surveyed in Section 4 and results and conclusions are contained in Section 5.
2 Current experimental status.
Higgs signal at the LHC.
Both ATLAS and CMS experiments have recently updated the analysis of the Higgs-like signal using the full pp collision data sample. The ATLAS analysis [47] The main channels contributing to the observed signal are the decays into photons and two Z-bosons. On the other hand, the most relevant channel constraining the presence of additional Higgs-bosons is the decay into two τ leptons. ATLAS and CMS agree on the mass of the observed state which is m h = 124.3 ± 0.6(stat)±0.4(sist) GeV for ATLAS and m h = 125.7 ± 0.3(stat) ± 0.3(sist) GeV for CMS.
However, there are some differences on the signal strength in the different channels as measured by the two experiments. The signal strength µ X , for a Higgs decaying to X is defined as,
such that µ = 0 corresponds to the background-only hypothesis and µ = 1 corresponds to a SM Higgs signal. The combined signal strength in the last results presented by ATLAS is µ ATLAS = 1.3 ± 0.2 [49] , while the signal strength measured by CMS is slightly below the SM expectations µ CMS = 0.80 ± 0.14 [48] . For the diphoton channel, the measured signal strength in both experiments are µ ATLAS γγ = 1.6 ± 0.3 and µ CMS γγ = 0.78
−0.26 . This signal is consistent with the SM, although ATLAS points to a slight excess over the SM expectations. In any case, both results agree on the fact that the diphoton signal must be of the order of the SM prediction. This fact is very important in the context of multi-Higgs models, as the MSSM, where the Higgs couplings to down quark and charged leptons are enhanced by additional tan β factors, which tend to decrease the H → γγ branching ratio and therefore the signal strength. In this regard, here we will adopt a conservative approach and impose the weighted average of ATLAS and CMS results at 2σ,
Similarly, the signal strength in the H → ZZ * channel are, µ ATLAS ZZ * = 1.5 ± 0.4 and µ CMS ZZ * = 0.92 ± 0.28 and we will also use as a constraint,
3)
The main constraint on the presence of additional heavy Higgs states comes from the H/A → τ τ searches at ATLAS and CMS experiments. In this case, both experiments have searched for the SM Higgs boson decaying into a pair of τ -leptons and this provides a limit on σ(pp → H) × BR(H → τ τ ) that can be applied to the extra Higgs states. ATLAS has analyzed the collected data samples of 4. . These constraints on the τ τ -cross section normalized to the SM cross section as a function of the Higgs mass are shown in Figure 1 . In this case, CMS sets the strongest bound for m H below 150 GeV. For m H = 110 GeV we obtain a bound at 95% CL of µ τ τ = σ (H → τ τ ) /σ SM ≤ 1.8, and this limit remains nearly constant, µ τ τ ≤ 2.0, up to m H = 140 GeV. For a neutral Higgs of mass m H = 150 GeV we would have a bound of µ τ τ ≤ 2.3. In our scenario, this limit would apply to H 1 with a mass below 125 GeV and to H 2 with m H 2 ≃ 125 GeV. In the case of H 3 , this bound applies for masses below 150 GeV.
For heavier H 3 masses, there exist a previous analysis at LHC searching MSSM Higgs bosons with masses up to 500 GeV. In Figure 2 , we present the analysis made in ATLAS with 4.9 fb −1 at √ s =7 TeV [52] . In this case, the bound is presented as an upper limit on the τ τ , or µµ production cross section. As a reference, the SM cross section for a Higgs mass of 150 GeV is σ(pp → H) SM × BR(H → X) SM ≃ 0.25 pb and therefore, comparing with Figure 1 , we can expect this bound to improve nearly an order of magnitude in an updated analysis with the new data [53] . Nevertheless, the production cross-section of τ -pairs through a heavy Higgs is enhanced by powers of tan β and therefore the present limits on σ φ × BR(φ → τ τ ) are already very important in the medium-large tan β region.
Finally, we include the bounds on charged Higgs produced in t → H + b with subsequent decay H + → τ ν [54, 55] . These analysis set upper bounds on B(t → H + b) in the range 2-3 % for charged Higgs bosons with masses between 80 and 160 GeV, under the assumption that B(H + → τ + ν τ ) = 1, which is a very good assumption unless decay channels to the lighter Higgses and W-bosons are kinematically opened.
MSSM searches at LHC.
Simultaneously to the Higgs searches described above, LHC has been looking for signatures on new physics beyond the SM. A large effort has been devoted to search for Supersymmet- Finally, ATLAS and CMS have presented the limits on chargino masses from direct EW production [67, 68] . In both analysis, these limits depend strongly on the slepton masses and the branching ratios of chargino and second neutralino that are supposed to be degenerate. When the decays to charged sleptons are dominant, chargino masses are excluded up to ∼ 600 GeV for large mass differences with χ 0 . Even in the case when the slepton channels are closed, decays to weak bosons plus lightest neutralino can exclude 4 chargino masses up to ∼ 350 GeV for m χ 0 1 120 GeV. Therefore, as we have seen, limits on SUSY particles from LHC experiments are already very strong with the exceptions of sparticle masses rather degenerate with the lightest supersymmetric particle.
Indirect bounds
Indirect probes of new physics in low energy experiments still play a very relevant role in the search for extensions of the SM [70] [71] [72] . Even in the absence of new flavour structures beyond the SM Yukawa couplings, in a Minimal Flavour Violation scheme, decays like B 0 s → µ + µ − and, specially, B → X s γ play a very important role, as we will see below, and put significant constraints for the whole tan β range.
The present experimental bounds on the decay B 0 s → µ + µ − are obtained from LHCb measurements with 1.1 fb −1 of proton-proton collisions at √ s = 8 TeV and 1.0 fb −1 at √ s = 7 TeV. The observed value for the branching ratio at LHCb [73, 74] is, 4) and at CMS [75] ,
The limits on the decay B → X s γ come from the BaBar and Belle B-factories and CLEO [76] [77] [78] [79] [80] [81] . The current world average for E γ > 1.6 GeV given by HFAG [82, 83] is,
We will see that this result provides a very important constraint on the charged Higgs mass in the low tan β region where other supersymmetric contributions are small.
Theoretical model
As explained in the introduction, we intend to investigate whether the observed Higgs particle of m H ≃ 125 GeV could correspond to the second Higgs in a general MSSM scenario, while the lightest Higgs managed to evade the LEP searches [29] [30] [31] [32] [33] [34] [35] [36] . The scenario we consider here is a generic MSSM defined at the electroweak scale. This means we do not impose the usual mass relations obtained through RGE from a high scale, that we obtain, for instance in the Constrained MSSM (CMSSM), but keep all MSSM parameters as free and independent at M W . Furthermore, we are mainly interested in the Higgs sector of the model, which we analyze assuming generic Higgs masses and mixings in the presence of CP violation in the squark sector. 4 As pointed out in Ref. [69] , these bounds with the slepton channel closed are only valid in a simplified model that assumes BR(χ However, in our paper, this limit is only taken into account as a reference value for chargino masses and has no effect in our analysis of the feasibility of this scenario.
CP-violating MSSM Higgs sector
As it is well-known, the Higgs sector of the MSSM consists of a type II two-Higgs doublet model. In the MSSM, the scalar potential conserves CP at tree-level [15] . Nevertheless, in the presence of complex phases in the Lagrangian, CP violation enters the Higgs potential at the one-loop level, resulting in the mixing between the CP-even and CP-odd Higgses. Then, after electroweak symmetry breaking, we have three physical neutral scalar bosons, admixtures of the scalar and pseudoscalar Higgs bosons, plus a charged Higgs boson [16] [17] [18] [19] .
The Higgs fields in the electroweak vacuum, with vevs υ 1 and υ 2 and tan β = υ 2 /υ 1 , are
and, as mentioned above, the presence of CP-violating phases in the Lagrangian introduces off-diagonal mixing terms in the neutral Higgs mass matrix. In the weak basis, (φ 1 , φ 2 , a), with φ 1,2 CP-even, scalar, and a = a 1 sin β + a 2 cos β the CP-odd, pseudoscalar state, we write the neutral Higgs mass matrix as [18, 20, 22, 84] ,
where the scalar-pseudoscalar mixings are non-vanishing in the presence of phases, M 2 SP , M 2 P S ∝ Im µA t,b e iξ . Then, this 3 × 3 neutral Higgs mass matrix is diagonalized by
The Higgs sector of the MSSM is defined at the electroweak scale at tree-level by only two parameters that, in the limit of CP-conservation, are taken as m 2 A , tan β . In the complex MSSM, the pseudoscalar Higgs is not a mass eigenstate and its role as a parameter defining the Higgs sector is played by the charged Higgs mass m 2 H ± . At higher orders, the different MSSM particles enter in the Higgs masses and mixings, although the main contributions are due to the top-stop and bottom-sbottom sectors. It is well-known that the one-loop corrections to M 2 S can increase the lightest Higgs mass from M Z to ∼ 130 GeV [85] [86] [87] , hence being M Z , with the leading part of order [88, 89] ,
with M SU SY the geometric mean of the two stop masses and
Regarding the charged Higgs mass, we can relate it to the pseudoscalar mass M 2 P in the neutral Higgs mass matrix [18] ,
with λ 4,5 the two-loop corrected parameters of the Higgs potential [18, 90] . At tree level
, and λ 5 =0. In any case, it looks reasonable to expected λ i 1. This implies that the squared charged Higgs mass can never be heavier that the largest neutral Higgs eigenvalue by a difference much larger than M 2 Z , which is equivalent to say that loop corrections are of the same order as ∼ δM 2 S . Similarly, we can expect the mass of the second neutral Higgs, which in our scenario is m H 2 ≃ 125 GeV, only to differ from the heavier eigenvalue by terms of order υ 2 . This can be seen from the trace of the neutral Higgs masses in the basis of CP eigenstates, where we would have, without loop corrections, Tr M 2
As we have seen, loop corrections to the diagonal elements can be expected to be of the order of the corrections to the lightest Higgs mass which are also O(M 2 Z ). To obtain a light second Higgs we need, either low M P or a large scalar-pseudoscalar mixing. The different contributions to scalar-pseudoscalar mixing, M 2 SP , are of order [18] ,
which again are of the same order as δM 2
. Therefore, taking also into account that in the decoupling limit, and in the absence of scalar-pseudoscalar mixing, M H ≃ M P , we must require M 2 P not to be much larger than
Z , the invariance of the trace tells us that m 2 
We must emphasize that in this work we do not consider the possibility of m H 1 90 GeV which would be possible in the presence of large CP-violating phases that could reduce the mass of the lightest Higgs through rather precise cancellations [91, 92] . Although this scenario could survive LEP limits around an "open hole" with m H 1 ≈ 45 GeV and tan β ≈ 8 [93] , it would never be able to reproduce the observed signal in H 2 → γγ, as the opening of the decay channel H 2 → H 1 H 1 would render B(H 2 → γγ) much smaller than the SM one (see the discussion related to the H 2 → bb channel below).
In the following analysis of the direct and indirect constraints on the Higgs sector, we try to be completely general in the framework of a Complex MSSM defined at the electroweak scale. To attain this objective, and taking into account that the presence of CP violation and large radiative corrections strongly modifies the neutral Higgs mass matrix if we are outside the decoupling regime, we consider general neutral Higgs mixings and masses. In fact, in this work, we analyze the situation in which the second lightest neutral boson corresponds to the scalar resonance measured at LHC with a mass of 125 GeV. As we have seen, to achieve this, we need a relatively light charged Higgs (with approximately M H + 220 GeV), and a similar mass for the heaviest neutral Higgs. The lightest neutral Higgs boson will have a mass varying in the range of 90 and 125 GeV. After fixing the Higgs masses in these ranges, we will consider generic mixing matrices U and look for mixings consistent with the present experimental results. This analysis deals with the decays of the neutral Higgs bosons. Thus we need the Higgs couplings to the SM vector boson, fermions, scalars and gauginos. The conventions used in the following are described in Appendix A. The couplings to the vector bosons are [37] ,
with g HaV V = cos β U a1 + sin β U a2 .
The Lagrangian showing the fermion-Higgs couplings is
where the tree-level values of (g
P ) are given in Table 1 . Still, in the case of third generation fermions, these couplings receive very important threshold corrections due to gluino and chargino loops enhanced by tan β factors in the case of the down-type fermions [94] [95] [96] [97] [98] [99] [100] [101] [102] . The complete corrected couplings for third generation fermions, (g f S , g f P ), can be found in Ref. [37, 92] . In our analysis, it is sufficient to consider the correction to the bottom couplings, 12) and the loop function I(a, b, c) is given by,
and the corrected Yukawa couplings are,
The Higgs-sfermion couplings are,
with β, γ = L, R, R f , the sfermion mixing matrices and the couplingsΓ αf f given Ref. [37] .
Other Higgs couplings that are needed to analyze the neutral Higgs decays are the couplings to charginos and charged Higgs, complete expressions can be found in Ref. [37] (taking into account their different convention on the Higgs mixing matrix,
After defining all these couplings, we show in the following the expressions for H → γγ and H → gg, that together with H →bb, τ τ and H → W W * , ZZ * are the main Higgs decay channels for m H = 125 GeV, and the Higgs production mechanisms at LHC.
Higgs decays.

Higgs decay into two photons.
The decay H a → γγ occurs only at the one-loop level and therefore we must include every contribution generated by sparticles in addition to the SM ones in our calculation. Taking into account the presence of CP violation, the Higgs decay has contributions of both the scalar and pseudoscalar components. Then its width becomes, 16) where the scalar part is S γ a (M Ha ) and the pseudoscalar P γ a (M Ha ) and they are [37] ,
With τ aj = M 2 Ha /(4m 2 i ) and the loop functions being:
And we included the QCD corrections [103, 104] ,
Higgs decay into two gluons.
Similarly, the decay width for H a → gg is given by:
where K g H,A is again the QCD correction enhancement factor while S g a and P g a are the scalar and pseudoscalar form factors, respectively. K g H,A is [103, 104] , 23) being N F the number of quark flavours that remains lighter than the Higgs boson in consideration. On the other hand, the expressions that define S g a and P g a are:
Higgs production.
The Higgs production processes are basically the same as in the SM [15, 105] , although the couplings in these processes change to the MSSM couplings. The two main production processes are gluon fusion and, specially for large tan β, the bb fusion. Other production mechanisms, like vector boson fusion will always be sub-dominant and we do not consider them here. At parton level, the leading order cross section for the production of Higgs particles through the gluon fusion process is given by [15, [106] [107] [108] :
withŝ the partonic center of mass energy squared. The hadronic cross section from gluon fusion processes can be obtained in the narrow-width approximation as,
The gluon luminosity dL
In the numerical analysis below, we use the MSTW2008 [109] parton distribution functions.
The bb → H a production process can also play an important role for the high and intermediate tan β region, roughly for tan β ≥ 7 [110] [111] [112] [113] [114] [115] [116] . The leading order partonic cross section is directly related to the fermionic decay width,
Again the proton-proton cross section is obtained in the narrow-width approximation in terms of the bb luminosity. Notice that associated Higgs production with heavy quarks gg/qq → bb + H a is equivalent to the bb → H a inclusive process if we do not require to observe the final state b-jets and one considers the b-quark as a massless parton in a five active flavour scheme [15, 89, 110] . In this way, large logarithms log(s/m 2 b ) are resummed to all orders. As before, we are using the MSTW2008 five flavour parton distribution functions. Regarding the QCD corrections to this process, for our purposes it is enough to take into account the QCD enhancing factor K f a used in the decay H a → bb, with the bottom mass evaluated at m Ha , and to use the threshold-corrected bottom couplings in Eqs. (3.9,3.10).
The total hadronic cross section can be obtained at NLO using the so-called K-factors [104, 108, 117, 118] to correct the LO gluon fusion, and it is given by, where the K-factor parametrizes the ratio of the higher order cross section to the leading order one. It is important to include this term as it is known that the next to leading order QCD effects, which affect both quark and squark contributions similarly [118, 119] , are very large and cannot be neglected. Such effects are essentially independent of the Higgs mass but exhibit a tan β dependence. In the low tan β region, K can be approximated by 2 while for large tan β its value gets closer to unity [116] . In our study we have taken K to be constant for fixed tan β in the considered range of Higgs masses.
Indirect constraints
As explained in the introduction, indirect searches of new physics in low-energy precision experiments play a very important role in Higgs boson searches. The main players in this game are b → sγ and B s → µ + µ − .
b → sγ decay.
Following references [120] [121] [122] [123] , the branching ratio of the decay given in terms of the Wilson coefficients can be written as: 
where
7,8 (y) with f
Now, using the expansion in Appendix B, we can see that the dominants terms in tan β are:
7,8 xt
and in the limit mχ 1 ≃ M 2 ≪ mχ 2 ≃ µ, we have,
Then, the charged-Higgs contribution, including the would-be Goldstone-boson corrections to the W-boson contribution [123] , is given by,
7 (x) =
3 ln x; (3.38)
The branching ratio associated to this decay can be adequately approximated by the following expression [102] : A can be neglected in comparison with c S and c P since they are related with contributions from box diagrams and Z 0 -penguin diagrams. In our analysis, we use the approximate expressions for c S and c P in Ref. [102] :
And, given that in Eq. (3.39) we are including only the tan β-enhanced Higgs contributions, in the following, we use the experimental result as a 3σ upper limit on this contribution.
Model analysis.
In the previous section we have defined the MSSM model we are going to analyze and presented the different production mechanisms and the main decay channels for neutral Higgses at LHC. In this section we study, in this general MSSM scenario with the possible presence of CP violating phases, whether it is still possible to interpret the Higgs resonance observed at LHC with a mass of ∼ 125 GeV as the second Higgs having a lighter Higgs below this mass and a third neutral Higgs with a mass m H 3 ≤ 200 GeV. As we will see in the following, the present experimental results that we use to this end are the measurement of pp → H 2 → γγ, pp → H a → τ τ at LHC and the indirect constraints on charged Higgs from BR(b → sγ). We divide our analysis in two tan β regions: low tan β defined as tan β 8 and medium-large tan β, for tan β 8.
Medium-large tan β regimen.
Now, we take tan β 8, which implies that sin β ≃ 1 and cos β ≃ (1/ tan β) ≪ 1. We analyze the different processes in this regime of medium-large tan β. First, we analyze the model predictions for the process pp → H 2 → γγ that is requested to satisfy the new experimental constraints with a signal strength 0.75 ≤ µ LHC γγ ≤ 1.55 . Then, we analyze the constraints from pp → H a → τ τ and see whether the two results can be compatible in the regime of medium-large tan β for m H 2 = 125 GeV.
Two photon cross section.
The two photon cross section through a Higgs boson can be divided, in the narrow-width approximation, in two parts: Higgs production cross section and Higgs decay to the two photon final state,
Thus we have to analyze these three elements, i.e. σ(pp → H 2 ), Γ(H 2 → γγ) and Γ H 2 .
In first place, we are going to analyze the decay width of the Higgs boson into two photons in our MSSM model. As a reference value, we can compare our prediction with the Standard Model value, In the MSSM, this decay width is given by the Eq. (3.16) and it has both a scalar and a pseudoscalar part, receiving each one contributions from different virtual particles:
Once we fix the mass of the Higgs particle, M H 2 ≃ 125 GeV, the contributions from W -bosons and SM fermions are completely fixed, at least at tree level, with the only exception of the Higgs mixings, that we take as free, and tan β. In the case of third generation fermions, as we have already seen, it is very important to take into account the non-holomorphic threshold corrections from gluino and chargino loops to the Higgsfermionic couplings, (g S f , g P f ) and therefore we introduce an additional dependence on sfermion masses. Nevertheless these contributions remain very simple,
4) where we have used that
The top and bottom quark contributions enter both in the scalar and pseudoscalar pieces, which are both similar. The scalar contribution, from Eq. (3.18) and taking into account again the tan β regime in consideration, is given by the following approximate expression:
where κ b is a parameter associated to the finite loop-induced threshold corrections that modify the couplings of the neutral Higgses to the scalar and pseudoscalar fermion bilinears, as defined in Eqs. (3.9,3.10). These parameters are always much lower than 1, whereas for m t = 173, 1 GeV (pole mass) and m b = 4.33 GeV (mass at m t scale) the loop functions are just about F S b ≃ −0.04 + i 0.05 and F S t ≃ 0.7. In this way, Eq. (4.5) can be finally approximated by:
(4.6) The first contribution beyond the Standard Model that we are going to consider is the charged Higgs boson. As we can see from Eq. (3.18), it only takes part in the scalar part of the decay width. Its contribution is given by:
where the self-coupling to the second neutral Higgs can be approximated as follows for medium-large tan β, keeping only the leading terms in cos β: ∼ 0.25 for some of them and taking only the couplings not suppressed by tan β factors, we have λ 3 ≃ −0.074 at tree-level with the value at one-loop typically smaller due to the opposite sign of the fermionic corrections and λ 6 ≃ −0.14 e iα . Thus, we can expect the charged Higgs contribution to be always negligible when compared to the above SM contributions, even for m H ± ≃ 150 GeV, and can not modify substantially the diphoton amplitude.
The squarks involved in the two photon decay width are the ones with large Yukawa couplings, that is, the sbottom and the stop. The scalar contribution of these squarks is given in Eq. (3.18) and writing explicitly their couplings to the Higgs, it can be expressed as follows:
In the sbottom contribution, we make the expansion described in Appendix B, taking into account that the off-diagonal terms in its mass matrix are much smaller than the diagonal ones. This approximation leads us to the expression:
where we have used that F 0 τ 2b i ≃ 0.34 for both right and left-handed sbottoms. As-
, it is clear that the sbottom contribution can be safely neglected, as even for tan β ∼ 50 would be two orders of magnitude below the top-quark contribution. Incidentally, the stau contribution can be obtained with the replacement b ↔ τ , and we can also expect it to be negligible for stau masses above 100 GeV, except for the very large tan β region 6 .
On the other hand, we have the top squark case where there are large off-diagonal terms in the mass matrix which can not be neglected in comparison with the diagonal ones, specially if we intend to analyze small stop masses. This does not allow us to use the Appendix B approximation in such a straightforward way. Nevertheless, we can still expand the chargino mass-matrix, keeping the stop mixing matrices, R, and we can write Eq. (4.11) and therefore typically an order of magnitude smaller than the top quark and the W-boson contribution and without tan β enhancement. Nevertheless, we keep this stop contribution to take into account the possibility of a light stop, mt 1 ≤ 650 GeV with a small mass difference to the LSP. Finally, the chargino contribution is given by:
Using again the expansion of chargino mass matrices, Appendix B, we have the expression:
where we have supposed that m χ Thus, it looks very difficult to obtain a scalar amplitude to two photons significantly larger than the SM value taking into account that the stop contribution can be, at most, order one. The same discussion applies to the pseudoscalar amplitude that receives only fermionic contributions, only top and bottom are relevant and thus is much smaller than the scalar contribution above. The possibility of large SUSY contributions, as advocated in Refs. [124] [125] [126] seems closed, at least in the MSSM with m H 2 ≃ 125 GeV. In particular, large stau contributions would require tan β ≥ 50 that we show below to be incompatible with the bounds from
Next, we analyze the Higgs production cross section, presented at section 3.3. At the partonic level, this cross section receives contributions from gluon fusion and bb-fusion.
The bb-fusion is tree-level at the partonic level and proportional to the bottom Yukawa coupling. Considering only the main threshold corrections to the bottom couplings, we have,σ 
On the other hand, gluon fusion cross section is a loop process,
where the scalar coupling, S g 2 , gets contributions from both quarks and squarks, while the pseudoscalar one, P g 2 , receives contributions only from quarks. With regard to the squark contributions, they can be easily obtained from Eqs. (4.12,4.13), taking into account that,
. Therefore, it is easy to see that analogously to the photonic amplitudes, we can safely neglect the sbottom and stop contributions to gluon fusion production. Thus, the scalar and pseudoscalar contributions to gluon fusion production can be approximated by,
The gluon fusion contribution to the pp cross section is obtained by multiplying the gluon luminosity, τ H 2 dL gg LO /dτ H 2 ≃ 3 × 10 6 pb and the K-factor, which we take K ≃ 2.2, corresponding to low tan β. Then, with κ d real for simplicity, the gluon fusion contribution to pp cross section would be,
This equation with the approximate values of S g 2 , P g 2 is compared with the full result in Figure 3 . We can see that this approximate expression reproduces satisfactorily the gluon fusion contribution to H 2 production in the whole explored region. From this equation, we see that the gluon fusion production is dominated by the top quark contribution if U 21 , U 22 = O(1) up to tan β 10. Moreover, the SM contribution corresponds simply to take κ = 0, tan β = 1, U 21 = U 22 = 1 and U 23 = 0 and therefore, we see the gluon fusion cross section will be typically smaller than the SM cross section for medium-low , we see that gluon fusion still dominates over bb-fusion except for large tan β or small U 22 . Finally, we have to check the total width, Γ H 2 . The main decay channels for m H 2 ≃ 125 GeV, are H 2 → bb, H 2 → W W * and H 2 → τ τ (H 2 → gg can of the same order as H 2 → τ τ in some cases, but, being comparatively small with respect to bb and W W , it is not necessary to consider it in the following discussion). The decay width is usually dominated by the bb-channel which can be enhanced by tan β factors with respect to the SM width (as the τ τ channel). The main contribution to the decay width to bb is captured by the tree-level Higgs-bottom couplings, in the limit κ d → 0 (although threshold corrections are important and always taken into account in our numerical analysis),
25) where I P S ≃ 6.7 × 10 −4 represents the phase space integral in the H 2 → W W * decay width as can be found in Ref. [37] for m H ≃ 125 GeV. This must be compared with the SM decay width, which would correspond to the usual MSSM decoupling limit if we replace H 1 ↔ H 2 : tan β → 1, U 21 , U 22 → 1 and U 23 = 0. This implies that for sizable U 21 , U 23 > tan −1 β, the total width will be much larger than the SM width. Then, taking into account that we have shown that Γ H 2 →γγ ≃ Γ SM h→γγ we have that, for U 22 ≤ 1, the diphoton branching ratio will be smaller than the SM one. The only way to keep a large branching ratio is to take U 21 , U 23 tan −1 β, when the total width is reduced keeping Γ H 2 →γγ similar to the SM. On the other hand, we have seen that the H 2 production cross section is typically smaller than the SM unless we have U 22 ≃ 1 and H 2 is produced through the gluon-fusion process, or tan β 20 with sizeable U 21 , U 23 and the production is dominated by bb fusion. Even for this last case, bb fusion, the tan β enhancement of the production cross section is exactly compensated by the suppression on the H 2 → γγ branching ratio. For gluon fusion, there is no tan β enhancement and thus in both cases the γγ-production cross section is smaller than the SM one. Therefore, we arrive to the conclusion that the only way to increase the γγ-production cross section to reproduce the LHC results in our scenario is to decrease the total width by suppressing the b-quark and the τ -lepton decay widths. This implies having a second Higgs, H 2 , predominantly H 0 u , so that we decrease the couplings associated to these fermions and consequently increase the two photons branching ratio. This condition means, in terms of the mixing matrix elements:
Tau-tau cross section.
The above analysis has led us to the conclusion that, to reproduce the γγ-production cross section, we need the second lightest Higgs to be almost purely up type. As a consequence, H 2 nearly decouples from tau fermions and then it is unavoidable that the other neutral Higgses inherit large down-type components, increasing thus their decays into two τ -fermions. Once more, to compute the τ τ -production cross section through a Higgs, we must compute σ(pp
The decay width H i → τ τ is given by the following equation: 
, and we are taking it real. Then, we have ǫ τ ≃ ǫ b /20 being only a sub-leading correction in this case which can be safely neglected. Therefore we get, for i = 1, 3, we have,
Therefore, we see that for tan β 5 in our scenario, always with U i2 1/ tan β, the bottom contribution to gluon fusion is larger than the top contribution and only slightly smaller than the bb-fusion. Then we approximate the total production cross section for H 1,3 ,
The last ingredient we need is the total width of the H i , we can still consider that the dominant contributions will come from bb, τ τ and W W * for Higgs masses below 160 GeV. For masses above 160 GeV, the width is usually dominated by real W -production and ZZ or ZZ * . Therefore, below 160 GeV, the total width can be directly read from Eq. (4.25) replacing H 2 → H i and the mixing U 2a → U ia . For Higgs masses above 160 GeV, always below 200 GeV in our scenario, the total width will be larger than Eq. (4.25) and thus taking only bb, τ τ and W W * we obtain a lower limit to Γ i . In the case of H 1 and H 3 , we have U i2 ≪ 1 and |U i1 | 2 + |U i3 | 2 ≃ 1. Then the total width is,
And thus, the branching ratio is,
So, for the τ τ -production cross section of H 1 and H 3 we have, Figure 4 . In fact, this approximate expression works very well for m H 1 = 110 GeV and is slightly larger than the exact result for m H 3 = 155 GeV. This is due to the fact that we did not include the H i → W W * channel in Eq. (4.35) and this channel is important for H 3 , which means that the approximate branching ratio is larger than one in the full expression. Nevertheless, we can safely use this expression to understand the qualitative behaviour in this process. Next, we combine the bounds on the two photon production cross section and the τ τ production cross section in our model with medium-large tan β. In Figure 5 we present the τ τ production cross sections at LHC for m H 1 ≃ 110 GeV and m H 3 ≃ 160 GeV with (squares in blue) or without (circles in red) fulfilling the requirement 0.75 ≤ µ LHC γγ ≤ 1.55. The green line is the CMS limit on the τ τ production cross section for Higgs masses below 150 GeV and the green points are the points where, in addition, the τ τ cross-section limit on the observed Higgs, H 2 in our scenario, at a mass m H 2 ≃ 125 GeV is also fulfilled. Even though we fixed m H 1 = 110 GeV in this plot, we have checked that the situation does not change at all for m H 1 = 100 GeV or m H 1 = 120 GeV. Notice that, the present constraints on heavy Higgses for σ(pp → H 3 → τ τ ) for masses 150 GeV ≤ m H 3 200 GeV can only eliminate the region of tan β 25, but we expect the future analysis of the stored data to reduce this parameter space significantly [53] .
σ(pp
Hence, we see that there are no points consistent with the LHC constraints on σ(pp → H 1 → τ τ ) for tan β ≥ 7.8 and 100 GeV < m H 1 < 125 GeV and, as we will see in the next section, all the surviving points are inconsistent with BR(B → X s γ).
Low tan β regime.
As we have just seen, LHC constraints on σ(pp → H 1 → τ τ ) rule out the possibility of m H 2 ≃ 125 GeV for tan β ≥ 7.8, still, the situation for tan β 8 is very different. For low tan β, it is much easier to satisfy the constraint from the γγ-signal strength at LHC, µ γγ 0.5. Analogously to the discussion in the case of medium-large tan β, we can see that the γγ-decay width for low tan β remains of the same order as the SM one, Γ H 2 →γγ ≃ Γ SM h→γγ . The production cross section is typically of the order of the SM one, as the bb-fusion process and the b-quark contribution to gluon fusion, being proportional to tan β, are now smaller and the top contribution is very close to the SM for U 22 ≃ O (1) . In fact, the total decay width is still larger than the SM value if U 21,21 are sizeable, as the bb and τ τ widths are enhanced by tan 2 β. So, the same requirements on Higgs mixings, Eq. (4.26), hold true now, although are less suppressed correspondingly to the smaller tan β values. On the other hand, the τ τ production cross section through the three neutral Higgses remains an important constraint, but it is much easier to satisfy for low tan β values, as we can see in Fig. 5 .
However, in our scenario, we have a rather light charged Higgs, m H ± 220 GeV, and the main constraint for tan β 8 now comes from the BR(B → X s γ).
Constraints from BR(B → X s γ)
The decay B → X s γ is an important constraint on the presence of light charged Higgs particles as we have in our scenario. However, although the charged Higgs interferes always constructively with the SM W -boson contribution to the Wilson coefficients, in the MSSM this contribution can be compensated by an opposite sign contribution from the stop-chargino loop if Re (µA t ) is negative. The charged Higgs contribution is given by Eq. (3.37). The size of 36) and for m H ± ∈ [150, 200] GeV we get f (2) 7 (y t ) ∈ [−0.22, −0.18]. Incidentally, we see that this charged Higgs contribution decreases with tan β, and thus it is more difficult to satisfy the constraints at low tan β unless this contribution is compensated by a different sign contribution. Then for the stop-chargino contribution, using Eq. (3.37),
Taking now f
7 (x ≃ 1) ≃ 0.44, and therefore, with the limits on stop and chargino masses, mt 1 ≥ 650 GeV and m χ ± ≥ 350 GeV, we estimate C
Thus it looks very difficult to compensate the charged Higgs contribution for low tan β and this is confirmed in the numerical analysis. In Figure 6 , we present the obtained BR(B → X s γ), the blue squares fulfil the requirements of, 0.75 ≤ µ LHC γγ ≤ 1.55, σ H 1 τ τ /σ SM ≤ 1.8 and σ H 2 τ τ /σ SM ≤ 1.8 while the red dots violate some of these requirements. The experimentally allowed region at the one-σ and two-σ level is shown in green and yellow respectively 7 . In passing, please note that the reduction of the BR with tan β is mainly due to the reduction of the charged Higgs contribution, as shown in Eq. (4.36), and not to the negative interference with the chargino diagram.
Therefore, the only remaining option is to have a light stop with a small mass difference with respect to the lightest neutralino that has escaped detection so far at LHC. To explore numerically this possibility, we select the lightest stop mass to be m χ 0
The result is shown in Fig. 7 , where we plot again BR(B → X s γ) as a function of tan β. Now, we can see that the range of BR(B → X s γ) for a given tan β has decreased, as . The color coding is the same as in Fig. 6 expected, due to a possible destructive interference of the stop-chargino diagram. Nevertheless, we can see that there are no points allowed by collider constraints that reach the two-σ allowed region 8 .
As a by-product, we can already see from here that it will be very difficult, if not completely impossible, to accommodate two sizeable Higgs-like peaks in the γγ production cross section, as recently announced by the CMS collaboration [127] , within an MSSM context. The CMS analysis of an integrated luminosity of 5.1 (19.6) fb −1 at a center of mass energy of 7 (8) TeV reveals a clear excess near m H = 136.5 GeV, aside from the 125-126 GeV Higgs boson that has already been discovered, with a local significance for 7 Even allowing a three-σ range, we find no allowed points when mt 1 ≥ 650 GeV and m χ ± ≥ 350 GeV 8 If we allowed points within a three-σ region, BR(B → Xsγ) ≤ 4.1 × 10 −4 , several points would still survive. However, for all the three-σ allowed points we have very large σH 3 τ τ and even these points will be forbidden when ATLAS analysis on heavy MSSM Higgses is updated [52, 53] . this extra peak of 2.73 σ combining the data from Higgs coming from vector-boson fusion and vector-boson associated production (each of which shows the excess individually).
As we have shown in this work, the 125 GeV Higgs found at the LHC ought to be the lightest, therefore this new resonance, despite its light mass, is bounded to be the second lightest Higgs, meaning that the third neutral Higgs (and its charged sibling) are to be found nearby. This can be easily seen following our line of reasoning in section 3, where we obtain m H 3 < 180 GeV and m H + < 200 GeV. However, to reproduce the observed signal strength in H 1 −→ γγ of the ∼ 126 GeV peak for medium-large tan β, we must force all the pseudoscalar and down-type content out of the lightest state. In this case, we have U 12 ≈ 1 and U 11 , U 13 ≪ 1, so that the the two heavier Higgses will necessarily couple, with tan β-enhancement, to down-type fermions and the branching ratio of these Higgses to γγ will be brutally inhibited. At the same time, the H i −→ τ τ channel, for i = 2, 3 is
Meaning that any MSSM setting would predict a H i −→ τ τ at a level that is already excluded [50] [51] [52] .
The only possible escape to this situation would be to stay in the (very) low tan β region, but then, given the low mass of the charged Higgs, the constraints from BR(B → X s γ) eliminate completely this possibility. Therefore, we can not see any way to accommodate two Higgs peaks in the γγ spectrum with a signal strength of the order of the SM model one. Nevertheless this possibility will be fully explored in a subsequent paper [128] .
Conclusions.
In this work we have investigated the possibility of the Higgs found at LHC with a mass m H ∼ 125 GeV not being the lightest but the second lightest Higgs in an MSSM context, having the actual lightest Higgs escaped detection due to its pseudoscalar and/or downtype content. In this scheme, such a content suppresses simultaneously its couplings to gauge bosons and up-type quarks and paves the way to evade LEP constraints.
Although similar studies, with previous LHC constraints, are already present in the literature, most of these studies proceed through giant scans of the model's parameter space and the later analysis of the scanning results. Our approach in this work has been different, and we have chosen to study analytically, with simple expressions under reasonable approximations, three or four key phenomenological signatures, including the two photon signal strength and the τ τ production cross sections at LHC and the indirect constraints on BR(B → X s γ). To the best of our knowledge, this is the first study carried out in this way in an MSSM context using the LHC data. Our approach has the advantage that can rule out the model altogether without risking having missed a region where unexpected cancellations or combinations can take place.
This analysis is accomplished in a completely generic MSSM, in terms of SUSY parameters at the electroweak scale, such that it encloses all possible MSSM setups. To be as general as possible, we have allowed for the presence of CP violating phases in the Higgs potential such that the three neutral-Higgs eigenstates become admixtures with no definite CP-parity. Our study starts with the γγ signal observed at LHC at m H ≃ 125 GeV. The experimental results show a signal slightly larger or of the order of the SM expectations, and this is a strong constraint on models with extended Higgs sectors. We have shown than in the MSSM with m H 2 ≃ 125 GeV the width Γ(H 2 → γγ) cannot be substantially modified from its SM value. On the other hand, the total width of H 2 tends to be significantly larger if the down-type or pseudoscalar components of H 2 are sizeable. Simply requiring that BR(H 2 → γγ) or, more exactly, σ(pp → H 2 ) × BR(H 2 → γγ) is not much smaller than the SM severely restricts the possible mixings in the Higgs sector and determines the bottom and τ decay rates of the three Higgses.
Next, we have analyzed the τ τ production cross sections for the three Higgs eigenstates, splitting the parameter space in two regions of large and small tan β, being the dividing line tan β ≃ 8. We have shown that, for large tan β, present constraints on σ(pp → H 1 → τ τ ) forbid all points in the model parameter space irrespective of the supersymmetric mass spectrum.
On the other hand, in the low tan β region, the presence of a relatively light charged Higgs, m H ± 220 GeV, provides a large charged-Higgs contribution to BR(B → X s γ) which can not be compensated by an opposite sign chargino contribution, precisely due to the smallness of tan β and this eliminates completely the possibility of the observed Higgs at M H ≃ 125 GeV, being the next-to-lightest Higgs in an MSSM context. In summary, we have shown that a carefully chosen combination of three or four experimental signatures can be enough to entirely rule out a model without resorting to gigantic scans while simultaneously provides a much better understanding on the physics of the model studied. The power of this technique should not be underestimated specially when studying models with large parameter spaces where monster scans can be quite time consuming and not precisely enlightening. Special interest raises the case in which the Higgs found at the LHC is the lightest where this type of combined analysis can close significant regions of the parameters space [128] .
In this respect, the straightforward application of this kind of study to the recently published CMS data with a second Higgs-like resonance at ∼ 136 GeV, aside from the 125-126 GeV Higgs, shows it is not possible to accommodate both resonances in the γγ spectrum with a signal strength of the order of the SM model one.
Charginos:
In our convention the chargino mass matrix is, 
Sfermions:
The squark mass matrix is given by, 
B Expansion of Hermitian matrices
Following Refs. [130, 131] , we have that given a n × n hermitian matrix A = A 0 + A 1 with A 0 = Diag(a 0 1 , ..., a 0 n ) and A 1 completely off diagonal that is diagonalized by U · A · U † = Diag(a 1 , . .., a n ), we have a first order in A 1 :
We use this formula to expand the chargino Wilson coefficients, C 7,8 , with respect to the chargino mass matrix elements. In this case we have to be careful because the chargino mass matrix is not hermitian. However due to the necessary chirality flip in the chargino 
